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GENERAL INTRODUCTION 
Tenderness of meat is the most important factor affecting taste or the consumer's 
perception of taste (Morgan et al., 1991; Savall et al., 1987; Savall et al., 1989). However, 
tenderness is a highly variable trait of beef (Morgan et al., 1991). Consumers not only have 
the ability to discern between tenderness levels, but they have also shown the willingness to 
pay a premium for guaranteed tenderness (Boleman et al., 1997). Because of this consumer 
emphasis on tenderness, several antemortem and postmortem procedures have been 
investigated to improve beef tenderness. 
Meat tenderness increases with postmortem storage time (Wheeler and Koohmaraie, 
1994). Meat tenderization due to aging is caused by the proteolysis of key myofibrillar 
proteins (Koohmaraie, 1994; Horowits et al., 1986; Dutson, 1983; Goll et al., 1983). There is 
much evidence indicating that this proteolysis is caused by the calcium-dependent µ- and m-
calpains (Koohmaraie, 1996; Huff-Lonergan et al., 1996a). In fact, the degradation of the 
myofibrillar protein troponin-T is associated closely with tenderness as measured by Warner-
Bratzler shear force analysis when measured by SDS-PAGE (MacBride and Parrish, 1977; 
Olson and Parrish, 1977), and by SDS-PAGE and Western Blots (Huff-Lonergan et al., 
1996a). 
Several attempts have been made to stimulate the calpain-dependent proteolysis of 
meat in an attempt to increase postmortem proteolysis without the need for extended 
postmortem storage. These attempts have focused on methods to increase muscle calcium 
concentration. The infusion of CaCh into ovine and bovine carcasses increases meat 
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tenderness (as indicated by decreased Warner-Bratzler shear force) and increases the 
intensity of the 30-kDa component (Koohmaraie et al., 1988b; Koohmaraie et al., 1990). A 
more recent method has involved antemortem oral supplementation of vitamin D3• 
Vitamin D3 is converted to 25-hydroxyvitamin D3 in the liver and then is 
hydroxylated further in the kidney to the active steroid hormone 1,25-dihydroxyvitamin D3• 
1,25-Dihydroxyvitamin D3 acts directly on cells of the intestinal brush border to increase 
absorption of Ca2+ from the diet (Chandra et al., 1990; Fullmer et al., 1996; DeLuca et al., 
1982). Feeding vitamin D3 to dairy cattle increases the concentration of Ca2+ in plasma and 
helps prevent the occurrence of milk fever, a metabolic disorder created by hypocalcemia 
shortly after parturition (Hibbs and Pounden, 1955; Hibbs and Conrad, 1976; Horst and 
Littledike, 1979b). 
Swanek et al. (1999) found that supplementing beef steers with either 5 x 106 or 7.5 x 
106 IU of vitamin D3 increased longissimus calcium content by as much as 50% and 
increased beef tenderness compared with that of controls. The authors also showed that 
longissimus muscles from cattle fed supplemental vitamin D3 had lower µ-calpain and 
calpastatin (the calpain inhibitor) activities. Montgomery et al. (2000) also reported 
decreased Warner-Bratzler values and increased troponin-T degradation for steaks 
postmortem-aged 14 days from cattle fed supplemental vitamin D3 (5 x 106 and 7.5 x 106 
IU). However, feeding supplemental vitamin D3 to beef steers leaves substantial vitamin D3 
and 25-hydroxyvitamin D3 residues in muscle and liver, although muscle and plasma 
concentrations of 1,25-dihydroxyvitamin D3 increased only slightly or not at all 
(Montgomery et al., 2000). We hypothesized that feeding two metabolites of vitamin D3 (25-
hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3) to cattle would increase the concentration 
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of Ca2+ in blood and muscle and would increase beef tenderness via increased myofibril 
proteolysis without leaving substantial residues of vitamin D3 and 25-hydroxyvitamin D3 in 
muscle and liver. 
Thesis Organization 
This thesis has been prepared according to an alternate thesis format. It consists of a 
general introduction and a review of literature relevant to the topic, followed by a manuscript 
of a paper to be submitted for publication to the Journal of Animal Science. The manuscript 
includes an abstract, introduction, materials and methods, results, conclusions, and 
references. References for the general introduction and literature review are presented 
together at the end of the thesis. 
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LITERATURE REVIEW 
Meat Tenderness 
Tenderness has been identified as the single most important palatability factor 
affecting consumer satisfaction of beef. Several surveys and beef studies have shown that 
tenderness or meat texture is the most important factor affecting taste or the consumer's 
perception of taste (Morgan et al., 1991; Savall et al., 1987; Savall et al., 1989). However, 
Morgan et al. (1991) showed that not only is tenderness important to the consumer, it is also 
a highly variable trait of beef. This "variation in meat tenderness either exists at slaughter, is 
created during post-mortem storage, or is a combination of both" (Koohmaraie 1996). 
Consumer meat preparation also is a source of variation in meat tenderness (Caporaso et al., 
1978). The demand for beef declined 23% from 1979 to 1990 (USDA, 1990). This decline 
in demand has been attributed to the lack of quality and consistency of beef tenderness, and 
the National Cattleman's Beef Association considers the improvement of beef tenderness as a 
major issue facing the beef industry (Miller et al., 1998). In a study conducted by Boleman 
et al. (1997) to determine consumer perceptions of beef tenderness, it was found that not only 
can consumers discern between tenderness levels, but they are also willing to pay a premium 
for guaranteed tenderness. This finding suggests a possible value for the use of economic 
incentives from retailers to packers in an attempt to promote the production, identification, 
and marketing of tender beef (Boleman et al., 1997). 
Because of this consumer emphasis on tenderness, the biochemical basis of the 
toughening and tenderizing of meat has been studied vigorously. Several antemortem and 
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postmortem procedures have been investigated to improve the tenderness of beef. Several 
different methods have been found to increase the tenderness of beef, including the infusion 
of CaCh into the carcass postmortem, and more recently the supplemental feeding of vitamin 
D3 to steers. The specific mechanism that causes this increase in tenderization, however, is 
not yet known, although most hypotheses point towards an increase in the degradation of 
certain muscle proteins because of increased activity of Ca2+-activated calpains. 
Meat Toughening 
One of the most important postmortem changes that occurs to the carcass is the state 
of rigor mortis, which is Latin for "stiffness of death" (Hedrick et al., 1994). The state of 
rigor mortis is caused by the formation of permanent cross-bridges in the myofibril between 
the actin and myosin filaments. These same cross-bridges form during normal contraction of 
the muscle. After death, however, the muscle is eventually depleted of the energy (ATP) 
required to remove Ca2+ (the presence of which signals a muscle to contract) from the 
vicinity of the muscle fiber via activation of the Ca2+ pump (Hedrick et al., 1994). Thus, the 
actin and myosin bonds remain intact, therefore inhibiting relaxation (Hedrick et al., 1994). 
One classic study observed prerigor and postrigor changes in sarcomere length and 
tenderness of ovine longissimus muscle (Wheeler and Koohmaraie, 1994). The study 
showed that ovine longissimus thoracis et lumborum is intermediate in tenderness at 
slaughter, having a Warner-Bratzler shear force value of 5.1 kg. The longissimus muscle 
then toughens to a Warner-Bratzler shear force value of 8.3 kg during the 3 to 9 hours post 
exsanguination. This toughening occurs simultaneously to sarcomere shortening because of 
the onset of rigor mortis. According to the authors, proteolysis then tenderizes the meat, 
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resulting in the decline of Warner-Bratzler values to an average of 3.1 kg from 24 hours to 14 
days post exsanguination (Wheeler and Koohmaraie, 1994). In an attempt to determine 
whether sarcomere shortening is the cause of meat toughening during the first 24 hours 
postmortem, Koohmaraie et al. (1996) performed a study that showed no difference in 
Wamer-Bratzler shear force values from Oto 24 hours postmortem if sarcomere shortening 
was prevented during rigor mortis. This change implies that the toughening, or increase in 
Warner-Bratzler value, that occurs within 24 hours postmortem is the result of sarcomere 
shortening (Koohmaraie et al., 1996). MacBride and Parrish (1977) found a much closer 
relationship between longissimus muscle tenderization and myofibril fragmentation than 
between muscle tenderness and sarcomere length. Smulders et al. (1990), however, showed 
that pH and glycolytic rate influence the correlation between sarcomere length and 
tenderness when electrical stimulation is used at slaughter to affect glycolytic rate. The 
relationship between sarcomere length and Wamer-Bratzler shear force value is r = -0.80 of 
muscles with a 3-hour postmortem pH above 6.3; however, that relationship decreases where 
r = -0.12 for muscles with a 3-hour postmortem pH below 6.3. These data indicate that 
tenderness is only dependent on sarcomere shortening in slow-glycolysing muscles but is 
entirely independent of shortening in muscles of more rapid pH decline (Smulders et al., 
1990). 
Calpain, Calpastatin, and Meat Tenderization 
It has been documented clearly (Koohmaraie, 1988; Koohmaraie, 1994) that, as meat 
ages in postmortem cold storage, it gradually tenderizes. In one review, Koohmaraie (1994) 
lists the numerous known changes that occur to the skeletal muscle of carcasses during 
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postmortem storage. These changes include (1) weakening of the Z-disk and/or degradation, 
which leads to myofibril fragmentation, (2) degradation of desmin, which also leads to 
fragmentation of myofibrils, (3) degradation of titin, (4) degradation of nebulin, (5) 
appearance of a polypeptide with a molecular weight of 95 kDa, (6) disappearance of 
troponin-T, (7) and the observation that myosin and actin, the major contractile proteins, are 
not degraded. 
Current research suggests that the tenderization of meat is the result of the proteolysis 
of key myofibrillar proteins. These key proteins include desmin, titin, and troponin-T. The 
degradation of nebulin that occurs during postmortem aging may be ineffective in causing 
meat tenderization because of its location within the I-band of myofibrils (Koohmaraie, 
1994). The degradation of desmin may cause a disruption of transverse crosslinking between 
myofibrils, thus leading to myofibrillar fragmentation. The degradation of titin filaments, 
which connect myosin filaments along their length from the M-line to the Z-disk, decreases 
the tension of stretched muscle and may cause weakening of myofibrillar strength (Horowits 
et al., 1986; Koohmaraie, 1994). Similar to nebulin, the actual effect of the disappearance or 
degradation of troponin-T on meat tenderness is doubtful because of its location within the I-
band. The concurrent appearance of a polypeptide with the molecular weight of 28-32 kDa 
with the disappearance of troponin-T, however, can be used as an indicator of overall 
postmortem proteolysis (Koohmaraie, 1994). In fact, the presence of the 30 kDa component 
is closely associated with tender steaks and high myofibril fragmentation (MacBride and 
Parrish, 1977). This close association indicates the potential for the use of measuring the 
intensity of the 30 kDa band (SDS-PAGE and Western blotting analysis) to indicate 
tenderness. This relationship was expressed again when Olson and Parrish (1977) 
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demonstrated that the 30 kDa component corresponded to the degree of steak tenderness and 
that myofibril fragmentation index accounts for about 50% of the variation found in meat 
tenderness. 
There is currently much support and evidence that calpain-mediated proteolysis 
causes tenderization of meat (Koohmaraie, 1996; Huff-Lonergan et al., 1996a). Several other 
proteases have been considered, including the multicatalytic proteinase complex and 
lysosomal cathepsins, but calpains are the only proteases that fulfill all of the criteria required 
to cause postmortem tenderization. These required criteria include the necessity to be 
endogenous to skeletal muscle cells, the ability to reproduce post-mortem changes in 
myofibrils in an in vitro setting under optimal conditions, and the accessibility to myofibrils 
in tissue (Koohmaraie, 1994; Koohmaraie 1996). 
Calpains are intracellular proteinases that have the ability to modulate other proteins. 
It was identified several decades ago as an enzyme with the ability to hydrolyze the Z-disk in 
the myofibril (Busch et al., 1972). These Ca2+-dependent proteinases includeµ- and m-
calpains (also called calpain-I and calpain-11 respectively), and can be differentiated by their 
requirement for ca2\ µ-calpain requires low concentrations of Ca2+ for half-maximal activity 
(around 10-50 µM), whereas m-calpain requires much higher (millimolar) concentrations of 
Ca2+ for half-maximal activity (Melloni et al., 1992). Calpain has a cysteine-proteinase 
domain as well as a calmodulin-like Ca2+-binding site (Sorimachi et al., 1997). Bothµ- and 
m-calpains consist of two subunits; a larger 80 kDa subunit consisting of four domains and a 
smaller 30 kDa subunit made up of two domains. The cysteine protease activity of calpain is 
found in domain II of the large subunit. Ca2+-binding capability of the µ- and m- calpains 
can be attributed to domain IV of the large subunit and domain VI of the small subunit. The 
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small subunit (domain V) also possesses an N-terminal glycine-clustering hydrophobic 
region (Sorimachi et al., 1997). Calpastatin, the calpain inhibitor, binds to calpain only in the 
presence of Ca2+ (Cottin et al., 1981; Shigeta et al., 1984), resulting in the framgentation of 
calpastatin into several peptides which retain calpastatin inhibitory action against calpain 
(Shigeta et al., 1984). Cottin et al. (1981) found evidence suggesting that the binding of Ca2+ 
to calpain is required to induce a structural modification by calpain to promote the formation 
of the calpain-calpastatin complex. Caspase 3 degrades calpastatin protein in renal tissue 
(Shi et al., 2000) and in human Jurkat T cells (Kato et al., 2000). 
There was a hypothesis thatµ- and m-calpains are regulated by their association with 
phosphatidylinositol-containing sites on the plasma membrane within the living cell. This 
association with phosphatidylinositol supposedly lowered the Ca2+ concentration required for 
proteolytic activity. The association ofµ- and m- calpain with phosphatidylinositol 
supposedly lowers the concentration of Ca2+ required for autolysis ofµ- and m- calpain. 
Autolysis in tum supposedly lowers the concentration of Ca2+required for proteolytic activity 
(Cong et al., 1989). It has since been determined that µ-calpain is an active proteinase and 
does not require autolysis for activation, whereas m-calpain functions in its autolyzed form 
(Cong et al., 1989). Bovine skeletal muscle µ-calpain requires a concentration of 40-50 µM 
Ca2+ for half-maximal rate of casein substrate proteolysis, but requires a concentration of 
140-150 µM Ca2+ for half-maximal autolysis in the presence of phophotidylinositol, and 190-
210 µM Ca2+ for half-maximal autolysis in the absence of phophotidylinositol (Cong et al., 
1989). Bovine skeletal muscle m-calpain requires a concentration of 700-740 µM Ca2+ for 
half-maximal rate of casein substrate proteolysis, but requires a concentration of 370-400 µM 
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Ca2+ and 740-780 µM Ca2+ for half-maximal autolysis in the presence and absence of 
phosphatidylinositol respectively. But, it can not be stated that m-calpain does not function 
in its unautolyzed form (Cong et al., 1989). However, with normal cellular free Ca2+ 
concentrations of 300-1200 nM, neitherµ- or m-calpain would undergo autolysis, even in the 
presence of phosphatidylinositol. Therefore, µ- and m-calpains probably are regulated within 
the living cell by some mechanism other than membrane association (Cong et al., 1989). 
There have been numerous studies recently that support the involvement of calpains 
in myofibrillar degradation. It has been shown that under conditions of accelerated protein 
degradation, the inhibition of m-calpain decreased protein degradation by 30% and stabilized 
nebulin, whereas calpastatin inhibitory domain expression decreased degradation by 63% 
(Huang and Forsberg, 1998). Koohmaraie et al. (1988c) showed that shear force values 
decreased the most in muscles (Longissimus dorsi) that had the highest Ca2+ -dependent 
protease activity. These data support the idea that Ca2+-dependent protease activity is the 
best determinant of tenderization resulting from postmortem storage. 
Despite the findings that purified calpain removes myofibril Z-disks, approximately 
65 to 80% of postmortem tenderization occurs during the first three to four days postmortem, 
but there is minimal if any detectable Z-disk degradation during this time period (Taylor et 
al., 1995). Electron micrographs of myofibrils, however, indicate myofibril fragmentation 
within the I-band (Taylor et al., 1995). This discovery places emphasis on the possible roles 
of nebulin, titin, and desmin on postmortem degradation (Taylor et al., 1995). Indeed, when 
bovine longissimus muscle was stored postmortem, the amount of intact titin decreased and 
the amount of degraded titin increased with increasing time postmortem (Huff-Lonergan et 
al., 1995). The rate of conversion of intact titin to degraded titin was faster in the more-
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tender samples, as determined by Warner-Bratzler shear force analysis. Nebulin also was 
degraded. In fact, intact nebulin was not present in any samples postmortem-aged seven days 
but was present in less-tender samples postmortem-aged for only three days (Huff-Lonergan 
et al., 1995). 
In another study by Huff-Lonergan et al. (1996a), SDS-PAGE and Western blotting 
were used to determine the degradation of titin, nebulin, filamin, desmin, and troponin-T in 
both postmortem bovine muscle, and in myofibrils collected at death and digested withµ-
calpain. Degradation of the five proteins occurred sooner in samples that had significantly 
lower shear force values at one day postmortem. The disappearance ( degradation) of 
troponin-T yielded a 30-kDa component that appeared earlier postmortem in more tender 
samples. Similar degradation products that were observed in the postmortem samples also 
were detected, via Western blots, in samples digested with µ-calpain, supporting the idea of 
the importance of the calpain system in postmortem protein degradation and thus the 
tenderization of meat. Kohhmaraie et al. (1991) detected a difference in the rate of 
myofibrillar protein degradation ( determined by SDS-PAGE) among beef, lamb, and pork 
and thus attributed the difference in the rate of postmortem tenderization between these 
species to the difference in the rate of myofibrillar degradation. 
Koohmaraie et al. (1988a) found that, when bovine longissimus myofibrils obtained 
12 hours postmortem are incubated in a buffer solution containing CaCh, most of the 
postmortem changes previously observed during cold storage occurred within the first 24 
hours of incubation. This acceleration of postmortem tenderization however, was inhibited 
completely when 10 mM EGTA or 10 mM EDTA (both have Ca2+-chelating ability) was 
added to the incubation buffer. The authors then proceeded to conclude that, because the 
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treatment did not affect lysosomal cathepsin activity (cathepsin B, H, and L), and because 
there was a decrease in activity (autolysis) of Ca2+-dependent proteases, that the lysosomal 
enzyme cathepsin does not affect postmortem tenderization, that Ca2+ does mediate 
postmortem tendrization, and that Ca2+-dependent proteases are responsible for postmortem 
tenderization (Koohmaraie et al., 1988a). 
Similar results were found in a subsequent study where CaCh was infused in lamb 
carcasses, increasing the Ca2+ of the infused carcasses 40-fold compared with carcasses that 
were not infused with CaCh (Koohmaraie et al., 1988b). When the ovine carcasses were 
infused with 0.3 M CaCh, the requirement for extended postmortem storage was eliminated 
as indicated by decreased Wamer-Bratzler shear force values at 24 hours postmortem; these 
values did not decrease with further postmortem storage (Koohmaraie et al., 1988b). 
Similarly, SDS-PAGE analysis indicated that the 30-kDa component was present in the 
muscle of CaCh infused carcasses 12 hours postmortem, indicating myofibrillar protein 
degradation; the intensity of the 30-kDa component increased only slightly with further 
postmortem storage (Koohmaraie et al., 1988b). The intensity of the 30-kDa component of 
muscle from control carcasses increased gradually with postmortem storage time 
(Koohmaraie et al., 1988b). The infusion of CaCh into the ovine carcasses also resulted in 
the loss of Ca2+-dependent protease-I and inhibitor activity and a marked decrease in the 
activity of Ca2+-dependent protease-II within 24 hours postmortem. However, there was no 
treatment effect on lysosomal activity (Koohmaraie et al., 1988b). The infusion of 0.3 M 
CaCh affects muscles obtained from beef carcasses similarly to those obtained from lamb 
carcasses (Koohmaraie et al., 1990). The shear force value of beef longissimus muscle 
injected with CaCh changed by only 1 kg, decreasing from 6.09 kg by 24 hours postmortem 
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to 5.06 kg after 14 days, whereas the value of noninjected beef longissimus muscle changed 
from 9.03 kg by 24 hours postmortem to 6.23 kg after 14 days of postmortem storage, which 
is an overall decrease of 2.8 kg (Koohmaraie et al., 1990). 
It has been reported that the oral administration of certain ~-adrenergic agonists 
enhances muscle growth and decreases lipid accretion, especially in growing ruminants such 
as lambs and cattle (reviewed by Beerman, 1993). This increase in muscle protein accretion 
is the result of hypertrophy rather than hyperplasia (Beerman et al., 1987). In growing steers 
fed the ~-adrenergic agonist L644,969, feed efficiency was higher, average daily gain was 
greater, fractional degradation rate of skeletal muscle myofibrillar protein was 27.1 % lower, 
and fractional accretion rate of skeletal muscle myofibrillar protein was higher than that in 
control steers (Wheeler and Koohmaraie, 1992). Oral administration of ~-adrenergic agonist 
had no effect on the activities ofµ- or m-calpain or on the activities of cathepsins B or the 
combined activities of cathepsins B and L. Calpastatin activity, however, was higher at O and 
7 days postmortem, the myofibril fragmentation index was greater after 1, 3, 7, and 14 days 
postmortem, and the Wamer-Bratzler shear force value was higher after 7 and 14 days 
postmortem of steaks from steers fed the ~-adrenergic agonist (Wheeler and Koohmaraie, 
1992). The authors proceeded to conclude that the ~-adrenergic agonist-induced muscle 
hypertrophy already demonstrated may have resulted from the decreased proteolytic capacity 
of the muscle fiber as a result of the increase in calpastatin activity (Wheeler and 
Koohmaraie, 1992). 
The infusion of CaC}z into ovine carcasses at slaughter is effective in overcoming the 
toughness induced by feeding lambs ~-adrenergic agonist (Koohmaraie and Shackelford, 
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1991). When the carcasses from the B-adrenergic agonist-fed lambs were not treated with 
CaCh, there was higher cathepsin B, Ca2+-dependent protease-II ancl Ca2+-dependent 
protease inhibitor activity in muscle at 24 hours postmortem (Koohmaraie and Shackelford, 
1991). The infusion of CaCh into the carcasses, however, decreased shear force value at all 
postmortem times, did not alter the activity of cathepsin B or the combined activities of 
cathepsin B and L, decreased Ca2+-dependent protease-I (indicating activation of the protease 
by autolysis), and decreased Ca2+-dependent protease inhibitor. Also, the infusion of CaCh 
caused an appearance in muscle of the 30 kDa component that was observed by SDS-PAGE 
at 24 hours postmortem, whereas the 30 kDa component was absent from the carcasses of the 
B-adrenergic agonist-fed lambs when they were not infused with CaCh (Koohmaraie and 
Shackelford, 1991). 
Calcium Metabolism 
Calcium is necessary for the normal functioning of a variety of tissues and 
physiologic processes within the body, including muscle contraction, blood coagulation, 
bone formation, nerve transmission, endocrine secretion, cell differentiation, and the 
activation of certain enzymes. Calcium also has the ability to act as a second messenger 
regulating other hormones. Because of its important physiological role, the concentration of 
Ca2+ in body fluids is tightly regulated by a feedback control system, including the Ca2+-
regulating hormones parathyroid hormone, calcitonin, and 1,25-dihydroxyvitamin D3, Ca2+ 
transporting subsystems such as bone, intestine, and kidney, and by the sensing of Ca2+ 
concentrations (Hurwitz, 1996; Horst et al., 1994; Horst, 1986; Wasserman and Fuller, 1983). 
A general summary of Ca2+ homeostasis in the dairy cow as an example is presented in 
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Figure 1. In mammalian species, plasma Ca2+ concentration is maintained between 9-11.5 
mg/dL (Littledike and Goff, 1987). Half of the total plasma Ca2+ consists of ionic ca2+, and 
the remaining fraction is mainly protein-bound and associated with the blood protein 
albumin, although there are slight amounts that bind with small molecules to make 
compounds such as calcium phosphate and calcium citrate (Hurwitz, 1996). 
Calcium is absorbed into the body from the diet through the small intestine and is 
excreted from the body via the kidney and large intestine. Bone has the ability to either 
remove Ca2+ from plasma during bone formation ( or calcification) or add it to plasma by 
resorption. Parathyroid hormone, a peptide hormone secreted from the chief cells of the 
parathyroid gland, responds to decreases in plasma Ca2+ concentration in vivo in a sigmoidal 
relationship (Mayer et al., 1979) within minutes after secretion by stimulating bone 
resorption, thus increasing plasma Ca2+ concentration. Calcitonin, a peptide hormone 
secreted from C cells of the thyroid gland, which also responds within minutes to changes in 
plasma Ca2+ concentration, actually inhibits bone resorption of Ca2+ (Hurwitz 1996). Both 
parathyroid hormone and calcitonin are relatively short-term solutions to acute perturbations 
in plasma Ca2+ concentration, although they do have the potential to stimulate other 
hormones (such as the stimulation of 1,25-dihydroxyvitamin D3 by parathyroid hormone) 
that have more long-term effects (Hurwitz, 1996). The steroid hormone 1,25-
dihydroxyvitamin D3, which takes hours to respond to blood calcium perturbations, increases 
the flow of Ca2+ in circulation by increasing the amount of Ca2+ absorbed from the diet by the 
intestine. Therefore, 1,25-dihydroxyvitamin D3 does not increase the plasma Ca2+ pool by 
endogenous means as do the peptide hormones but via exogenous means, thus increasing 
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Figure 1. A summary of calcium homeostasis in the dairy cow. Taken from Horst et 
al., 1994. 
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total body Ca2+. The kidney itself responds directly to Ca2+ by regulating its Ca2+ excretion 
(Hurwitz, 1996). 
Vitamin D 
Vitamin D, familiarly known as the 'sunshine vitamin,' is a fat-soluble vitamin 
that has several functions. Vitamin Dis required for the prevention of rickets, a severe bone-
deforming disease in many animals, including humans and cattle, characterized by a 
decreased concentration of Ca2+ and phosphorus in cartilage and bone, that causes bowed 
legs and bending of the backbone. Vitamin D3, or cholecalciferol, can either be obtained 
from the diet or can be synthesized from provitamin metabolites in the skin of many 
herbivores and omnivores, allowing that they are exposed to a minimal amount of sunlight. 
Although many animals can synthesize vitamin D3, it is still considered a vitamin because all 
animals not exposed to adequate amounts of sunlight require it in their diet for normal Ca2+ 
and phosphorus metabolism. 
Biochemistry of Vitamin D 
Before vitamin D becomes active, it must undergo several chemical changes before 
the hormonal form 1,25-dihydroxyvitamin D3 is formed. Vitamin D2 (ergocalciferol) and 
vitamin D3 (cholecalciferol) are the two most prominent forms of vitamin D. The difference 
between vitamin D2 and vitamin D3 is the presence of a double bond on the vitamin D2 side 
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chain and the presence of a methyl group at the 24 carbon. Ergosterol, a common plant 
steroid, is transformed t-0- vitamin D2, the usual dietary source of vit-amin D, in the presence 
of UV light. Vitamin D3 can be produced in the body by more than one pathway. 7-
Dehydrocholesterol is an intermediate in the synthesis pathway of cholesterol from squalene, 
which are common compounds synthesized in the bodies of animals and found in various 
tissues including the skin. The irradiation of 7-dehydrocholesterol by UV light in the skin of 
animals produces vitamin D3, which then is absorbed through the skin and transported by the 
blood. Circulating concentrations of vitamin D3 in blood are kept relatively low as vitamin 
D3 accumulates rapidly in adipose tissue and liver. Once in the liver, the 25 carbon (located 
in the side chain) undergoes a hydroxylation by vitamin D3-hydroxylase to produce 25-
hydroxyvitamin D3, the major circulating metabolite of vitamin D3 under both normal 
conditions and conditions of excessive dietary vitamin D (Littledike and Horst, 1982). Liver, 
kidney, and intestinal tissue possess 25-hydroxylase, but the liver exhibits the greatest 
activity (Tucker et al., 1973). The physiological importance of the presence of 25-
hydroxylase in kidney and intestinal tissue is not known. 25-Hydroxylase activity does not 
seem to be closely regulated (Tucker et al., 1973); therefore, a measure of 25-hydroxyvitamin 
D3 in plasma is a good indicator of vitamin D status. 25-Hydroxyvitamin D3 leaves the liver 
via very-low-density lipoproteins (VLDL), packaged with lipids, cholesterol, protein, and 
other fat-soluble vitamins, and travels to various tissues in the body. 
In the kidney, the la-carbon of 25-hydroxyvitamin D3 can be hydroxylated to 
produce 1,25-dihydroxyvitamin D3 (calcitrol), which functions as a steroid hormone. The 
hydroxylation of the la-carbon occurs by the activity of la-hydroxylase located in the 
mitochondria of kidney cells (Paulson and DeLuca, 1985). The rate of the metabolism of 25-
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hydroxyvitamin D3 to 1,25-dihydroxyvitamin D3 in the kidney is much faster than the rate of 
the 25-hydroxylation of vitamin D3 in the liver (Tucker et al., 1973). Although the 
hydroxylation of vitamin D3 to 25-hydroxyvitamin D3 does not seem to be regulated (vitamin 
D3 is maximally metabolized to 25-hydroxyvitamin D3); the production of 1,25-
dihydroxyvitamin D3 however is regulated. 1,25-Dihydroxyvitamin D3 production by 
cultured kidney cells can be increased (Armbrecht et al., 1984) in thyroparathyroidectomized 
rats (Omdahl, 1978), and 24,25-dihydroxyvitamin D3 (a catabolite of vitamin D) production 
can be decreased by parathyroid hormone (Armbrecht et al., 1984). Parathyroid hormone, 
however, has no effect on 1,25-dihydroxyvitamin D3 and on 24,25-dihydroxyvitamin D3 
production in renal cells obtained from rats fed a vitamin D-replete and high Ca2+ -diet 
(Armbrecht et al., 1984). When administered to thyroparathyroidectomized rats, parathyroid 
hormone increases 1,25-dihydroxyvitamin D3 production (Armbrecht et al., 1982; Omdahl, 
1978). Parathyroid hormone also stimulates renal cAMP content and protein kinase activity 
(Armbrecht et al., 1984). Once again, parathyroid hormone loses its effect to increase cAMP 
content and protein kinase activity when animals are fed a diet sufficient in vitamin D and 
rich in Ca2+ (Armbrecht et al., 1984). 1,25-Dihydroxyvitamin D3 acts to decrease further 
1,25-dihydroxyvitamin D3 production and increase 24,25-dihydroxyvitamin D3 (Armbrecht 
et al., 1984). The production of 1,25-dihydroxyvitamin D3 also is suppressed in rats 
supplemented with vitamin D by high concentrations of Ca2+ in serum (Boyle et al., 1971). 
Animals fed diets deficient in Ca2+ resulting in hypocalcemia have increased la-hydroxylase 
activity and 1,25-dihydroxyvitamin D3 production (Horst et al., 1977; Beckman et al., 1995). 
Beckman et al. (1995) showed that the increase of la-hydroxylase activity caused by low 
Ca2+ diets can be decreased with the addition of excess vitamin D3 to the diet, although 
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parathyroid hormone concentrations in plasma were not changed with the vitamin D3 
supplementation. Omdahl et al. (1978) also found in thyroparathyroidectomized rats that the 
stimulatory effects of parathyroid hormone could be blocked by the subsequent 
administration of 1,25-dihydroxyvitamin D3• Vitamin D deficiency and hypocalcemia also 
cause an increase in la-hydroxylase activity in chicks (Henry et al., 1974). 
24-Hydroxylase is the first enzyme of the C-24 oxidation pathway that inactivates 
1,25-dihydroxyvitamin D3 (Reddy and Tsemg, 1989). The end product of this oxidative 
pathway is calcitroic acid. A C-23 oxidation pathway also exists that leads to a lactone end 
product (Reddy and Tsemg, 1989; Wichmann et al., 1979; Horst and Littledike, 1980). 
Both vitamin D3 and 1,25-dihydroxyvitamin D3 affect calcium absorption processes 
from the intestine, although there seems to be different transport paths or macromolecular 
interactions (Mykkanen and Wasserman, 1982) and these pathways are still unclear. 
Intestinal tissues from vitamin D-replete chicks have increased rates of Ca2+ transfer from the 
apical to the basolateral membrane (Chandra et al., 1990). Also, the stimulated intestinal 
uptake of Ca2+ by vitamin Dis associated primarily with the brush border region (Fullmer et 
al., 1996). This activation of the brush border may be caused by the stimulation of the 
incorporation of leucine into f3- and y-actin-like proteins in the brush border of chicks by 
1,25-dihydroxyvitamin D3 (Wilson and Lawson, 1978). It is known that 1,25-
dihydroxyvitamin D3 localizes in the nucleus of intestinal villus and crypt cells, which 
indicates that intestinal Ca2+ transport is promoted by 1,25-dihydroxyvitamin D3 stimulation 
of DNA transcription (De Luca et al., 1982). Indeed, Ca2+-binding proteins (calbindin-D 9-
kDa and calbindin-D 28-kDa) have since been determined to have an important role in Ca2+ 
transport in the intestine (Nemere et al., 1991). In rats, vitamin D supplementation increased 
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calbindin-D 9-kDa mRNA concentrations, supporting the concept that 1,25-
dihydroxyvitamin D3 directly stimulates calbindin-D 9-kDa synthesis (Strom et al., 1992). 
Increased calbindin-D 9-kDa mRNA concentrations, however, can be caused by side chain 
modified analogs of 1,25-dihydroxyvitamin D3 without significantly increasing Ca2+ 
intestinal absorption (Krisinger et al., 1991). This observation indicates that calbindin-D 9-
kDa is not solely responsible for the increase in intestinal absorption of Ca2+ with 1,25-
dihydroxyvitamin D3 supplementation (Krisinger et al., 1991). Although De Luca et al. 
(1982) felt that the rapid Ca2+ transport response to 1,25-dihydroxyvitamin D3 was the result 
of the greater rates of transcription of DNA into RNA and ultimately into functional proteins, 
Fullmer et al. (1984) found that the rapid influx of Ca2+ into intestinal epithelium caused by 
1,25-dihydroxyvitamin D3 occurred before the synthesis of specific Ca2+-binding proteins. 
Intestinal concentrations of calbindin-D 28-kDa (and Ca2+ absorption by the intestine) are not 
only increased by vitamin D supplementation but are also increased by Ca2+-deficient diets 
(Wasserman et al., 1992). Also, dietary variables that increase Ca2+ absorption by the 
intestine (vitamin D repletion of vitamin D-deficient chicks or feeding Ca2+-deficient diets to 
chicks) also increase the amount of the basolateral Ca2+-pump in intestinal cells (Wasserman 
et al., 1992). 
There is much evidence that some vitamin D metabolite has a direct effect on skeletal 
muscle. In fact, vitamin D3 supplementation has an effect on chick skeletal muscle Ca2+ 
metabolism not controlled by changes in the concentration of Ca2+ in plasma (Pleasure et al., 
1979). Pleasure et al. (1979) found that the concentration of Ca2+ in mitochondria of skeletal 
muscle was greatest in chicks supplemented with vitamin D3 for the greatest length of time; 
also, the half-time of Ca2+ release from mitochondria of chicks fed a vitamin D-deficient diet 
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was nearly twice that of chicks fed sufficient vitamin D, although there was no effect of 
vitamin D supplementation on the rate of active transport of Ca2+ into the mitochondria. The 
concentration of Ca2+ in mitochondria, however, was not correlated with the concentration of 
Ca2+ in serum; the concentration of Ca2+ in mitochondria was not increased in vitamin D-
deficient chicks when hypercalcemia was achieved by calcium supplementation in the diet 
(Pleasure et al., 1979). There was, however, a significant positive correlation between the 
concentration of Ca2+ in mitochondria and strength, and vitamin D-treated chicks were 
stronger per unit of muscle mass (Pleasure et al., 1979). Chicks fed vitamin D-deficient diets 
experienced slowed relaxation of tensed muscles, suggesting impaired Ca2+ uptake by the 
sarcoplasmic reticulum of chicks deficient in vitamin D (Pleasure et al., 1979). 
Contradictory to the findings of Pleasure et al. (1979), Selles and Boland (1990) found that 
supplemental 1,25-dihydroxyvitamin D3 decreased the Ca2+ content of muscle mitochondria 
in chicks. Selles and Boland (1990) concluded that the effects of 1,25-dihydroxyvitamin D3 
on muscle mitochondria Ca2+ metabolism may be secondary to the effects of changes in 
cytoplasmic ca2+, and the apparent discrepancy of the effects of vitamin Don the 
concentration of Ca2+ in mitochondria found by Pleasure et al. (1979) may be explained by 
the action of a vitamin D metabolite other than 1,25-dihydroxyvitamin D3, or by the duration 
of supplementation. Both vitamin D3 and 1,25-dihydroxyvitamin D3 have the ability to 
stimulate Ca2+ uptake by intact soleus muscles, and 1,25-dihydroxyvitamin D3 acts directly 
on muscle tissue (Selles and Boland, 1990). 
In skeletal muscle of vitamin D-repleted rats, substantial deposits of Ca2+ formed 
pronounced lines within the myofilament within the I-bands parallel to the Z-disk (Toury et 
al., 1990). Total protein and Ca2+ concentration of muscle subcellular fractions were also 
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higher in vitamin D-repleted rats than in vitamin D-deficient rats. When rats are deprived of 
vitamin D, muscle cytosol Ca2+ decreases to 45% of normal levels within 10 weeks (Toury et 
al., 1990). Vitamin D-deficient rats, however, had increased activity of the Ca2+-activated 
enzyme isocitrate-DH, indicating that vitamin D may influence the ratio of bound calcium to 
available calcium in skeletal muscle (Toury et al., 1990). 
The effects of vitamin D3 on calcium transport in muscle cells seem related to the 
Ca2+ pump. Sarcolemma vesicles from vitamin D-treated chicks showed increased active 
Ca2+ and phosphate uptake because of increased Ca2+-ATPase activity (de Boland et al., 
1983). Also, Ca2+-channel antagonists can suppress the stimulatory effects of 1,25-
dihydroxyvitamin D3 (de Boland and Nemere, 1992). 
Birge and Haddad (1975) revealed a protein fraction associated with muscle cytosol, 
which bound specifically to 25-hydroxyvitamin D3 and had less affinity for 1,25-
dihydroxyvitamin D3. 25-Hydroxyvitamin D3 may influence directly the intracellular 
accumulation of phosphate by muscle and thus may influence directly muscle metabolism 
(Birge and Haddad, 1975). This direct influence may indeed be independent of the effect of 
vitamin D3 and its metabolites on intestinal Ca2+ and phosphorus absorption (Birge and 
Haddad, 1975). In fact, 25-hydroxyvitamin D3 administration stimulated leucine 
incorporation into protein, which was preceded by an increase in tissue accumulation of 
inorganic phosphate and an increase in muscle content of ATP. 
Vitamin D Fed to Cattle 
The oral administration of massive doses of vitamin D3 to cattle has been shown to 
increase Ca2+ and phosphorus absorption from the digestive tract and retention within the 
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body. When Hereford calves (136 kg) were fed 5 x 106 IU of vitamin D3 for five days, the 
true digestibility of dietary Ca2+ was increased (Conrad and Hansard, 1957). With this 
increase in Ca2+ absorption, there was a decrease in endogenous fecal loss, an increase in 
absorbed Ca2+ in the blood, an increase in Ca2+ deposition in regions of new bone, and an 
overall threefold increase in net Ca2+ retention (Conrad and Hansard, 1957). There was an 
increase in Ca2+ excretion in the urine, however, but this consisted of a relatively small 
fraction of total Ca2+ excretion and was of insufficient quantity to influence total Ca2+ 
metabolism (Conrad and Hansard, 1957). Although there was an increase in Ca2+ absorption, 
total blood Ca2+ was maintained at normal concentrations in growing calves, indicating an 
increase in tissue Ca2+ accretion and calcification, especially in the epiphyseal and periosteal 
regions of growing bone (Conrad and Hansard, 1957). When calves are fed supplemental 
vitamin D3 for an extended period (15 days), kidney and esophagus Ca2+ concentration was 
increased, but these effects had disappeared by eight days after feeding of vitamin D3 
(Conrad and Hansard, 1957). Dunham and Ward (1971) found, however, that vitamin D3 
supplementation at sustained lower doses did not influence measured blood constituents but 
instead interacted with Ca2+ to P ratios in the diet so that the highest plasma Ca2+ 
concentration and blood cell phosphorus content was associated with the cows supplemented 
with vitamin D3 and fed a diet with a smaller Ca2+ to P ratio (Dunham and Ward, 1971). 
This research indicates that the improvement of Ca2+ digestibility seen with vitamin D3 
supplementation (Conrad and Hansard, 1957) may only be effective in low Ca2+ diets, thus 
improving Ca2+ absorption only when dietary Ca2+ is scarce. 
Because of its ability to improve Ca2+ retention and absorption from the diet, both 
oral and injection administrations of vitamin D3 have been studied in the dairy cow as a 
25 
possible solution to milk fever, a metabolic disorder commonly found in dairy cattle usually 
shortly after parturition. Milk fever, which occurs more frequently in older cows, is caused 
by the inability to maintain normal plasma Ca2+ concentrations when she starts producing 
large quantities of milk shortly after calving. This hypocalcemia has the ability to cause 
paralysis. Although feeding 1 x 106 to 5 x 106 IU of vitamin D3 two to four weeks prepartum 
increased plasma Ca2+ concentrations prepartum, the increase in plasma Ca2+ disappeared 
within 12 hours postpartum and did not help to decrease incidences of milk fever (Hibbs et 
al., 1951). The authors felt that the prolonged and induced hypercalcemia prepartum actually 
may have suppressed parathyroid gland activity (Hibbs et al., 1951). When higher doses of 
vitamin D3 were fed for fewer days prepartum (three to eight), plasma Ca2+ concentrations of 
treated cows maintained concentrations well above those of controls during the postpartal 
period, greatly decreasing the incidence of milk fever (Hibbs and Pounden, 1955). Actually, 
continuous feeding of vitamin D3 (1 x 105 - 5.8 x 105 IU per day for a year) decreased the 
incidence of milk fever for mature cows that had previous histories of milk fever, but 
incidence was not decreased in cows that had never had milk fever (Hibbs and Conrad, 
1976). When vitamin D3 is administered to dairy cattle (four intramuscular doses of 15 x 106 
IU), plasma Ca2+ and phosphorus concentrations increased (Horst and Littledike, 1979a). 
The cattle remained hypercalcemic (12.0-14.0 mg/dL) for at least 48 days after the fourth 
treatment. The elevation in plasma Ca2+ and phosphorus, however, was not observed until 8-
10 days after the first injection of vitamin D3• During the period of hypercalcemia and 
hyperphosphatemia, there was an elevation in concentrations of vitamin D3 , 25-
hydroxyvitamin D3, and 1,25-dihydroxyvitamin D3 in plasma, indicating that the increase in 
1,25-dihydroxyvitamin D3 caused the simultaneous elevation in plasma Ca2+ and phosphorus 
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(Horst and Littledike, 1979b ). This lag or waiting period before hypercalcemia occurs may 
be explained by the observation of a similar lag in the conversion of vitamin D3 to 25-
hydroxyvitamin D3 when dairy cattle were injected once with 15 x 106 IU of vitamin D3 
(Hollis et al., 1977). There was an immediate increase of plasma 25-hydroxyvitamin D3, 
however, when cows were injected with 25 mg of 25-hydroxyvitmin D3 (Hollis et al., 1977). 
The increases of plasma 25-hydroxyvitamin D3 were simultaneous to increases in plasma 
concentration of ca2+, phosphorus, and hydroxyproline. The increase in hydroxyproline 
indicated an increased bone resorption. McDermott et al. (1984) determined that oral 
supplementation up to 2.5 x 105 IU of vitamin D3 per day does not significantly increase or 
affect vitamin D activity of milk. The daily dose of 2.5 x 105 IU of vitamin D3, however, did 
increase vitamin D3 and 25-hydroxyvitamin D3 concentrations in plasma (McDermott et al., 
1984). 
More recently, vitamin D3 has been fed to beef cattle to improve beef tenderness 
(Swanek et al., 1999; Montgomery et al., 2000). Large doses of supplemental vitamin D3 
(5.0 x 106 or 7.5 x 106 IU per day for 7 days) decreased Warner-Bratzler shear force values 
and increased Ca2+ content by as much as 50% of steaks postmortem aged 7 days compared 
with that of controls (Swanek et al., 1999). Longissimus samples from vitamin D3-treated 
animals also had lower µ-calpain and calpastatin activities. According to Swanek et al. 
(1999), this increase in Ca2+ corresponds to a Ca2+ concentration of 0.53 mM distributed in 
the muscle, which should be of sufficient concentration to activate µ- and m-calpains, 
assuming this is free and not bound Ca2+. Montgomery et al. (2000) also found an increased 
tenderness response to supplemental vitamin D3 (5.0 x 106 or 7.5 x 106 IU per day for 9 
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days). A decrease in Warner-Bratzler value of strip loin steaks from vitamin D3-treated 
animals, however, was not observed until 14 days postmortem, and the authors showed a 
simultaneous increase in troponin-T degradation. Scanga et al. (2000), however, did not find 
an improvement in longissimus tenderness in steaks postmortem aged 2, 7, 14, or 21 days 
postmortem from steers supplemented with 1, 2, 3, 4, or 5 x 106 IU vitamin D3 per day for 2, 
4, 6, or 8 days antemortem when compared with that in controls, although the Ca2+ 
concentration in serum of treated animals was higher than controls. In addition, cattle fed 
more than 1 x 106 IU vitamin D3 per day have decreased appetites following the second day 
of treatment. Montgomery et al. (2000) also found that feeding supplemental vitamin D3 
resulted in substantial residues of vitamin D3 and 25-hydroxyvitamin D3 in steak, liver, and 
kidney. 
Vitamin D Toxicity 
Vitamin D toxicosis can result from the consumption of large quantities of vitamin D 
in the diet, but not from extended exposure to sunlight. Massive doses of vitamin D causes 
calcification of soft tissue, affecting the joints, kidney, myocardium, pulmonary alveoli, 
parathyroid, pancreas, lymph glands, and arteries (McDowell, 2000). Kidney damage is 
caused by the deposition of Ca2+ in the distal tubules, eventually leading to kidney 
obstruction and causing hypertension. Other common symptoms of vitamin D toxicity 
include loss of appetite, depression, and, of course, elevated concentrations of Ca2+ in the 
blood. 
Although concentrations of 1,25-dihydroxyvitamin D3 in plasma usually are 
decreased during hypervitaminosis, vitamin D3 toxicosis in ruminants results in significant 
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elevations in concentrations of 1,25-dihydroxyvitamin D3 in plasma (Reinhardt and Conrad, 
- 1980; Littledike and Horst, 1982). 
The extent of vitamin D toxicity (as measured by aortic calcium deposits) is enhanced 
in goats when they are supplied with a diet rich in Ca2+ (Hines et al., 1985). A difference 
exists in the toxicity of ruminants between oral and parenteral vitamin D. Indeed, 10 out of 
17 pregnant non lactating cows injected with 15 x 106 IU vitamin D3 followed by a second 
injection of 5 x 106 IU vitamin D3 one week later died an average of 48 days following the 
first injection of vitamin D3, whereas others found that feeding much larger doses of vitamin 
D2 (20 x 106 to 30 x 106 IU per day for 7 days) to pregnant cattle resulted in few if any signs 
of vitamin D toxicity (Hibbs and Pounden, 1955). This discrepancy may be explained by the 
degradation of vitamin Din the rumen (Sommerfeldt et al., 1979). Parenteral administration 
of vitamin D thus would bypass degradation that would occur via the gastrointestinal tract. 
Also, differences exist between vitamin D2 and vitamin D3 toxicity. 
Large doses of vitamin D2 have presented fewer hypercalcemic side effects than large 
doses of vitamin D3 (Hunt et al., 1972). This lessened toxicity of vitamin D2 may be 
explained by the findings of Horst et al. (1990) where large doses of vitamin D2 and vitamin 
D3 were administered to rats. Rats receiving the vitamin D2 had less production of 25-
hydroxyvitamin D2 and more production of 24-hydroxyvitamin D2 than did rats administered 
vitamin D3, whereas the rats treated with vitamin D3 had no production of 24-hydroxyvitamin 
D3 and increased production of 25-hydroxyvitamin D3. 24-Hydroxyvitamin D2 has been 
shown to have at least a 2-fold lower binding affinity to the vitamin D receptor in the calf 
thymus (Horst unpublished data), thus explaining the reduced toxicity of vitamin D2. 
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THE USE OF VITAMIN D3 AND ITS METABOLITES TO 
IMPROVE BEEF TENDERNESS 
A paper to be submitted to the Journal of Animal Science for publication 
Monica R. Foote, Ronald L. Horst, Elisabeth J. Huff-Lonergan, 
Allen H. Trenkle, Frederick C. Parrish, Jr., and Donald C. Beitz 
Abstract 
Our previous work has shown that feeding 5 x 106 IU of vitamin D3 to beef steers can 
produce strip loin and top round steaks with greater tenderness. Our current experiment was 
designed to determine whether feeding two metabolites of vitamin D3, 25-hydroxyvitamin 
D3, and 1,25-dihydroxyvitamin D3, produces tender strip loin, top round, and top blade steaks 
more effectively than does supplemental vitamin D3 without leaving a substantial amount of 
residual vitamin D3 and its metabolites in muscle. Thirty-three continental crossbred steers 
were allotted randomly to one of four treatment groups. The first group was fed a placebo, 
the second group received 5 x 106 IU of vitamin Did for 9 consecutive d and were 
slaughtered 2 d later, the third group received one dose of 125 mg of 25-hydroxyvitamin D3 4 
d before harvest, and the fourth group received one dose of 500 µg of 1,25-dihydroxyvitamin 
D3 3 d before harvest. Blood samples were collected before treatment and at time of 
slaughter for subsequent quantification of calcium, vitamin D3, 25-hydroxyvitamin D3, and 
1,25-dihydroxyvitamin D3 concentrations in plasma. Steaks from the longissimus lumborum 
(strip loin) and semimembranous (top round) were collected from each animal and aged for 
8, 14, and 21 d, and steaks from the infraspinatus (top blade) were collected and aged for 14 
and 21 d. All steaks were analyzed for tenderness by Wamer-Bratzler shear force 
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determination and protein degradation was monitored by Western blot analysis. 
Concentrations of vitamin D3 in plasma were higher in vitamin D3-treated cattle (P < 0.0001). 
Concentrations of plasma 25-hydroxyvitamin D3 were increased in 25-hydroxyvitamin D3-
treated cattle but were not as high as those in vitamin D3-treated cattle (P < 0.0001). 1,25-
Dihydroxyvitamin D3 concentrations were higher in 1,25-dihydroxyvitamin D3-treated 
animals compared with all treatments (P < 0.0001). Supplementing steers with vitamin D3 
increased the concentration of vitamin D3 and 25-hydroxyvitamin D3 in the meat of all 
muscles sampled (P < 0.0001). Supplementing steers with 25-hydroxyvitamin D3 increased 
the concentration of 25-hydroxyvitamin D3 in meat but to an amount less than half that of 
cattle treated with vitamin D3• Warner-Bratzler shear force analysis showed that feeding 
1,25-dihydroxyvitamin D3 did not significantly lower shear force values, but supplemental 
vitamin D3 and 25-hydroxyvitamin D3 produced longissimus lumborum and 
semimembranous steaks with lower shear force values postmortem age 14 d and 8 and 21 d 
respectively (P < 0.06). Analysis of Western blots showed that longissimus lumborum and 
semimembranous steaks from cattle fed supplemental vitamin D3 and 25-hydroxyvitamin D3 
(but not steaks from cattle fed 1,25-dihydroxyvitamin D3), had greater proteolysis of 
troponin-T to a 30-kDa component. Antemortem feeding of supplemental 25-
hydroxyvitamin D3 seems to be effective in producing tender strip loin and top round steaks 
without generating a large concentration of vitamin D3 residue in beef and generating a 
concentration of 25-hydroxyvitamin D3 in beef nearly half that of feeding vitamin D3. 
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Introduction 
Tenderness has been identified as the single most important palatability factor affecting 
consumer satisfaction of beef (Morgan et al., 1991; Savall et al., 1987; Savall et al., 1989), 
and consumers are willing to pay a premium for guaranteed tenderness (Boleman et al., 
1997). Several antemortem and postmortem procedures have been investigated to improve 
beef tenderness. Meat tenderness increases with postmortem storage time (Wheeler and 
Koohmaraie, 1994). This meat tenderization as a result of aging is caused by the proteolysis 
of key myofibril proteins (Koohmaraie, 1994). There is much support indicating that 
myofibril proteolysis is caused by the calcium-dependentµ- and m- calpains (Koohmaraie, 
1996; Huff-Lonergan et al., 1996a). Degradation of the myofibril protein troponin-T and the 
subsequent appearance of the 30-kDa component are associated closely with tenderness as 
measured by Wamer-Bratzler shear force analysis (MacBride and Parrish, 1977; Olson and 
Parrish, 1977). The 30-kDa degradation product of troponin-T can be produced by calpain 
digestion of troponin-T and is associated positively with tenderness (Huff-Lonergan et al., 
1996a). 
The injection of CaCh solution into ovine and bovine carcasses is hypothesized to 
increase meat tenderization by activating the calpains that increase the appearance of the 30-
kDa component (Koohmaraie et al., 1988; Koohmaraie et al., 1990; Wheeler et al., 1997; 
Whipple et al., 1992). A more recent method to activate calpain-induced tenderization has 
been the oral supplementation of vitamin D3 (Swanek et al., 1999; Montgomery et al., 2000). 
Vitamin D3 is converted to 25-hydroxyvitamin D3 in the liver and then is hydroxylated 
further to the active steroid hormone 1,25-dihydroxyvitamin D3 in the kidney. 1,25-
Dihydroxyvitamin D3 acts directly on cells of the intestinal brush border to increase 
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absorption of calcium from the diet (Chandra et al., 1990; Fullmer et al., 1996; DeLuca et al., 
1982). Indeed, feeding or injecting vitamin D3 to dairy cattle increases the calcium 
concentration of plasma (Hibbsand Pounden, 1955; Hibbs and Conrad, 1976; Horst and 
Littledike, 1979). Swanek et al. (1999) found that feeding beef steers with either 5 x 106 or 
7.5 x 106 IU of vitamin Did for 7 d increased longissiumus calcium content by as much as 
50% and increased beef tenderness compared with controls. Montgomery et al. (2000) also 
reported decreased Wamer-Bratzler values and increased troponin-T degradation for steaks 
postmortem-aged 14 d from cattle fed supplemental vitamin D3• However, feeding 
supplemental vitamin D3 to beef steers leaves substantial vitamin D3 and 25-hydroxyvitamin 
D3 residues in muscle and liver, although concentrations of 1,25-dihydroxyvitamin D3 in 
muscle and plasma increased only slightly or not at all (Montgomery et al., 2000). 
For the current study, we hypothesized that feeding two metabolites of vitamin D3 (25-
hydroxyvitamin D3 and 1,25-dihydroxyvitmain D3) to cattle would increase the calcium 
concentration of blood and muscle and would therefore increase beef tenderness via 
increased myofibril proteolysis more effectively than would supplemental vitamin D3 without 
leaving substantial residues of vitamin D3 and 25-hydroxyvitamin D3 in muscle and liver. 
This hypothesis was tested by feeding vitamin D3, 25-hydroxyvitamin D3, or 1,25-
dihydroxyvitamin D3 to beef steers before slaughter and evaluating measures of tenderness, 
postmortem proteolysis, and vitamin D metabolite residues. 
Materials and Methods 
Experiment 1: Effect of 1,25-Dihydroxyvitamin D3 Dosage on Plasma Calcium 
Concentrations 
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Twelve market-weight cross-bred steers were allotted randomly to four treatment groups: 
0 µg, 125 µg, 250 µg, or 500 µg of 1,25-dihydroxyvitamin D3• Treatments were 
administered orally once to each individual animal via a bolus. Blood samples were 
collected 2 d before treatment. After treatment, blood was collected for 4 consecutive d at 
24-h intervals and every other day after the first 4 d at 48-h intervals up to 14 d after 
treatment. Blood was collected by jugular venipuncture by using sodium heparanized 
Vacutainer™ tubes. 
Experiment 2: Effect of 25-Hydroxyvitamin D3 Dosage on Plasma Calcium Concentrations 
Twelve market-weight cross-bred steers were allotted randomly to four treatment groups: 
0 mg, 50 mg, 87.5 mg, or 125 mg of 25-hydoxyvitamin D3• Treatments were individually 
administered orally once to each animal via a bolus. Blood samples were collected before 
and for up to 20 dafter treatment. Blood was collected by jugular venipuncture by using 
sodium heparanized Vacutainer™ tubes. 
Experiment 3: Effects of Supplementing Vitamin D3, 25-Hydroxyvitamin D3, or 1,25-
Dihydroxyvitamin D3, to Beef Steers on Meat Tenderness and Meat Residues 
Thirty-three market-weight cross-bred steers of largely Continental breeding fed a high 
energy finishing diet and housed at the Iowa State University Beef Nutrition and 
Management Research Center were divided randomly into four groups. The control group (n 
= 7) was given a placebo bolus. The second group (n = 9) received 5 x 106 ill of vitamin D3 
via a bolus at 24-h intervals for 9 d and harvested 2 d later. The third group (n = 8) was 
administered one bolus of 125 mg of 25-hydroxyvitamin D3 and harvested 4 d later. The 
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fourth treatment group (n = 9) was given one bolus of 500 µg of 1,25-dihydroxyvitamin D3 
and harvested 3 d later. All boluses consisted of the appropriate metabolite of vitamin D3 
mixed with approximately 2 g of dried brewers grain in gelatin capsules. The placebo was 
made with only brewers grain in the gelatin capsules. Treatments were synchronized so all 
cattle were harvested simultaneously. 
Blood was collected from all steers before treatment and at time of slaughter via 
jugular venipuncture by using sodium heparanized Vacutainer™ collection tubes. Plasma 
was stored at -20°C for later analysis. All steers were transported to a commercial beef 
packing plant and slaughtered that afternoon. The carcasses were ribbed 3 d after slaughter, 
at which time ribeye areas and 12th rib fat measurements were taken. Wholesale loins, 
shoulder clods, and rounds were transported to the Iowa State University Meats Laboratory 7 
dafter slaughter for subsequent measurements. Longissimus lumborum (strip loin), 
semimembranous (top round), and supraspinatus (top blade) steaks were cut 2.54 cm and 
0.635 cm thick 8 dafter slaughter and were vacuum packaged and wet-aged at 1 °C. Strip 
loin and top round steaks were both aged for 8, 14, and 21 d postmortem, whereas top blade 
steaks were aged for 14 and 21 d postmortem. After aging, the 2.54-cm steaks were frozen at 
-20°C until subsequent Wamer-Bratzler shear force analyses. The 0.635-cm steaks were 
frozen at -20°C (after their respective aging time) until later proteolysis determination by 
Western blotting. Two 0.635-cm steaks of the same muscles also were cut 8 dafter slaughter 
and were vacuum packaged and immediately frozen at -20°C for determination of 
concentrations of Ca2+ and the vitamin D metabolites. 
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Plasma and Meat Calcium Determination 
All blood and meat calcium concentrations were determined by atomic absorption 
spectrometry (Perkin-Elmer Corp, Nowalk, CT). Plasma samples were prepared and 
measured in duplicate by diluting 100 µL of plasma in 5 mL of 0.1 % lanthium oxide 
solution. A standard curve was calculated by using 0, 5, 10, and 15 mg/dL of CaCh, Meat 
samples were measured similarly in duplicate. Approximately 5 g of wet tissue were taken 
from each steak and dried in a drying oven overnight. Samples then were ashed at 600°C in 
an Isotemp® Muffle Furnace 550 (Fisher Scientific, Pittsburgh, PA) for 24 h. The ashed 
samples then were suspended in 25 mL of 3 N hydrochloric acid. The meat samples were 
measured in duplicate by diluting 1 mL of the hydrochloric acid preparation in 4 mL of 0.1 % 
lanthium oxide solution. An identical standard curve was calculated as mentioned before. 
Concentration of Vitamin D3, 25-Hydroxyvitamin D3, and 1,25-Dihydroxyvitamin D3 in Beef, 
Liver, Kidney, and Plasma 
Concentrations of vitamin D3, 25-hydroxyvitamin D3, and 1,25-dihydroxyvitamin D3 in 
meat and organ tissue were measured by a modification of the method of Horst et al. (1981). 
Identical apparatus used in the method of Horst et al. (1981) were used in the present study, 
excluding the HPLC fraction collector. In this study a Gilson® FC204 Fraction Collector 
(Gilson, Inc., Middleton, WI) was used to collect purified fractions at specific intervals. 
The extraction procedure is modified slightly from the method of Montgomery et al. 
(2000). Four mL of phosphate-buffered saline were added to 1 g of thinly sliced tissue 
sample in a test tube and homogenized with a Polytron homogenizer. Two mL aliquots were 
removed from the homogenized preparation and placed in 50-mL glass centrifuge tubes. 
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Approximately 1,000 dpm of 3H-25-hydroxyvitamin D3 and 3H-1,25-dihydroxyvitamin D3 
and 40 ng of vitamin D2 were added to each sample for extraction efficiency determination. 
Two mL of methanol were added, and the samples were subsequent! y vortex ed. 
To extract vitamin D3, as well as vitamin D2 from the sample, 6 mL of hexane were 
added to each sample and samples were shaken for 10 min on a horizontal shaker at a speed 
of 120 oscillations/min. Phase separation was accomplished by centrifugation. The upper 
(hexane) layer was removed from each sample and placed into a separate tube. The hexane 
extraction step was repeated twice to remove as much vitamin D3 from the sample as 
possible. To extract 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3, 2 mL of 
methanol/chloroform (2: 1) were added to each sample and samples were vortexed. Two mL 
of chloroform then were added to each tube. Samples again were allowed to shake for 10 
min and were centrifuged. The lower ( chloroform) layer was removed and added to the 
previously extracted hexane layers. The chloroform extraction was also repeated twice. The 
combined hexane and chloroform layers were dried under vacuum and then the residue was 
dissolved in 1 mL of hexane. The hexane solution was applied to a BAKERBOND spe™ 
500 mg silica gel gravitational extraction cartridge (Mallinckrodt Baker, Phillipsburg, NJ) 
using a Vac Elut SPS 24™ (Varian, Harbor City, CA) gravitational extraction column 
processing station. Cartridges were washed with 8 mL hexane followed by 3 mL 
hexane/isopropanol (99: 1; vol/vol). The combined vitamin D3 and vitamin D2 (internal 
standard) fractions were eluted with 6 mL hexane/isopropanol (99: 1), the 25-hydroxyvitamin 
D3 fraction was eluted with 8 mL hexane/isopropanol (95:5), and the 1,25-dihydroxyvitamin 
D3 fraction was eluted with 8 mL hexane/isopropanol (86:14). The combined vitamin D3 and 
vitamin D2 fractions were dried under vacuum and placed on a Dupont Zorbax Sil HPLC 
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column (0.46 x 25 cm) (Mac-Mod Analytical, Chads Ford, PA) developed in 
hexane/isopropanol (99: 1) with a flow rate of 2 mL/min. The purified vitamin D3 and 
vitamin D2 fractions were collected together, dried under vacuum, and placed on a Vydac 
Reverse Phase C18 HPLC column (0.46 x 25 cm) (The Separations Group, Hesperia, CA) 
developed in acetonitrile/methanol/water (88:8:4) with a flow rate of 1.8 mL/min. Vitamin 
D3 concentrations in tissue and plasma were quantified by comparing peak areas of the 
samples to those of standards. The 25-hydroxyvitamin D3 fraction was dried under vacuum 
and placed on a Dupont Zorbax NH2 HPLC column (0.46 x 25 cm) (Mac-Mod Analytical) 
developed in hexane/methylene chloride/isopropanol (88: 10:2) with a flow rate of 2 mL/min. 
Purified samples were collected and 25-hydroxyvitamin D3 concentrations were quantified 
by radioimmunoassay using the method of Hollis et al., 1993. The 1,25-dihydroxyvitamin 
D3 fraction was dried under vacuum and placed on the Dupont Zorbax Sil HPLC column 
(0.46 x 25 cm) developed in hexane/isopropanol (90: 10) with a flow rate of 2 mL/min. 
Fractions were collected, and 1,25-dihydroxyvitamin D3 was quantified by 
radioimmunoassay using the method of Hollis et al., 1996. 
Tenderness Determination Using Warner-Bratz/er Shear Force Analysis 
The frozen steaks were thawed at 2°C for 48 hours and broiled with a General 
Electric (Chicago Heights, IL) Model CNO2 industrial broiler set at a temperature of 288°C. 
The top surface of the steaks was approximately 10 cm from the heating element. Steaks 
were turned when they had reached an internal temperature of approximately 38°C and were 
removed from the broiler when they had reached an internal temperature of 71 °C. The 
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cooked steaks then were stored at 2°C and allowed to cool for 24 h. Two steaks were 
analyzed from each animal, and four cores, 1.27 cm in diameter and removed parallel to the 
muscle fiber direction, were removed from each steak (AMSA, 1995). Shear force value was 
determined by shearing each core perpendicular to the muscle fiber direction by using a 
Warner-Bratzler shear head attachment on a Texture Analyser (Texture Technologies Corp., 
Scarsdale, NY). The eight shear force values (recorded as kilograms per core) for each 
animal were averaged, and treatment means were analyzed for statistical significance. 
Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western 
Blots 
Proteolysis of troponin-T, shown to be involved with the mechanism of meat 
tenderization, was determined by Western blots and quantifying the 30-kDa band, a 
proteolytic degradation product of troponin-T. An increase in proteolysis, which is highly 
correlated with an increase in meat tenderness, is expressed by a greater intensity of the 30-
kDa band. Samples were prepared as described by Huff-Lonergan et al. (1996b). One 14-d 
aged sample from the control group was loaded onto each gel to serve as an internal standard. 
Internal standards were of the same muscle as the experimental sample to reduce error caused 
by differing troponin-T isoforms between different muscles. Wes tern blots were performed 
according to the method of Huff-Lonergan et al. (1996a) to detect the 30-kDa band. Images 
of the blots were captured by using a Kodak DC120 camera. Image analysis was 
accomplished by using Kodak ID 30.0 Image analysis software (Eastman Kodak, New 
Haven, CT). Values are expressed as ratios of the intensity of the 30-kDa band in the 
experimental samples to the 30-kDa band of an internal standard. 
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Statistical Analysis 
Each individual steer served as the experimental unit when analyzing all data. 
Concentrations of plasma calcium for the three experiments were analyzed as repeated 
measures in time using the MIXED procedure of SAS®. The model included the main 
effects of treatment and time, interaction of treatment and time, and the random effects of the 
animal. Standard errors were calculated using the treatment and time interaction and were 
pooled within treatment. The effects of vitamin D3, 25-hydroxyvitamin D3, and 1,25-
dihydroxyvitamin D3 treatment on concentrations of the vitamin D metabolites in plasma and 
tissue at the time of slaughter, and Warner-Bratzler shear force value and amount of 
troponin-T degradation of three different muscles postmortem-aged for three different 
lengths of time, were analyzed using the MIXED procedure of SAS®. The model included 
the main effects of treatment and the random effects of the animal. 
Results 
Our results of the first two studies indicated that feeding supplemental 1,25-
hydroxyvitamin D3 and 25-hydroxyvitamin D3 increases blood calcium concentration 
(Figures 1 and 2). Figure 1 shows that cattle fed 500 µg of 1,25-dihydroxyvitamin D3 had 
higher Ca2+ concentrations in blood compared to all other treatments 3 d after treatment (P < 
0.01) and that Ca2+ concentrations in blood were highest numerically 3 d post treatment. 
All three doses of supplemental 25-hydroxyvitamin D3 caused an increase in blood calcium 
concentration (Figure 2), but the 125-mg treatment caused the largest numerical increase in 
concentration 4 dafter treatment. However, this numerical increase was not different from 
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the treatment effect of the two lower doses (P > 0.1), although all three 25-hydroxyvitamin 
D3 treatments caused higher concentrations of Ca2+ in plasma when compared to controls (P 
< 0.02). Analysis of the blood calcium concentrations collected from the third study gave 
unexpected results, although calcium concentrations in plasma from steers treated with 
vitamin D3 and 1,25-hydroxyvitamin D3 increased when compared with controls (P < 0.01), 
those treated with 25-hydroxyvitamin D3 did not increase (P > 0.1) (Figure 3). The reason 
for this is unknown, but 25-hydroxyvitamin D3 concentrations in the plasma of these steers 
did increase, indicating that the cattle indeed were administered 25-hydroxyvitamin D3 
(Table 2). Although calcium concentrations in plasma did increase with vitamin D3 and 
1,25-dihydroxyvitamin D3 supplementation, calcium concentrations in strip loin, top round, 
and top blade were not affected by any treatment (Table 1) (P > 0.1), although means are 
similar to published values (Price and Schweigert, 1987). 
Feeding supplemental vitamin D3 increased the concentration of both vitamin D3 and 
25-hydroxyvitamin D3 in blood, in all three types of steak analyzed, and in liver and kidney 
tissues (Table 2). The concentration of vitamin D3 in tissue from vitamin D3-treated steers 
was highest in liver. Cattle fed supplemental 25-hydroxyvitamin D3 had increased 
concentrations of 25-hydroxyvitamin D3 in blood, in all three types of steak, and in liver and 
kidney as well, but these concentrations were significantly lower than those found in vitamin 
D3-treated cattle (P < 0.0001). In fact, the concentrations of 25-hydroxyvitamin D3 in steak 
from steers supplemented with 25-hydroxyvitamin D3 were less than half that of 
concentrations in steak of steers supplemented with vitamin D3. 25-Hydroxyvitamin D3 
concentrations in tissue were greatest in kidney, excluding the samples collected from steers 
supplemented with 1,25-dihydroxyvitamin D3. The concentration of 1,25-dihydroxyvitamin 
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D3 in steak was not affected but changed in blood of 1,25-dihydroxyvitamin D3-treated cattle 
as expected. The concentration of 1,25-dihydroxyvitamin D3 in the liver was decreased with 
25-hydroxyvitamin D3 supplementation when compared with vitamin D3 and 1,25-
dihydroxyvitamin D3 supplementation. 
Even though all three cuts of beef were quite tender, supplemental vitamin D3 and 25-
hydroxyvitamin D3 treatment resulted in decreased shear force values compared with the 
controls (Table 3). Vitamin D3 decreased shear force values of strip loin steaks aged for 14 d 
compared to controls at the same time point (P < 0.06), and values of top blade steaks aged 
for 14 d compared to cattle treated with 1,25-dihydroxyvitamin D3 (P < 0.07). 25-
Hydroxyvitamin D3 decreased shear force values of strip loin steaks aged for 8 d compared to 
cattle treated with 1,25-dihydroxyvitamin D3 (P < 0.06) and of top round steaks aged for 21 d 
compared to controls (P <0.07) and to cattle treated with 1,25-dihydroxyvitamin D3 (P < 
0.01). Supplemental 1,25-dihydroxyvitamin D3 was ineffective in changing shear force 
values. Top blade steaks did not seem overly affected, although a trend for vitamin D3 to 
cause a decrease in steaks aged for 14 d was evident (P < 0.07). Analysis of the intensity of 
the 30-kDa band in Western blots similarly showed that feeding supplemental 1,25-
dihydroxyvitamin D3 to cattle was not effective in changing proteolysis of troponin-T (Table 
4). However, there was an increase in proteolysis in strip loin steaks aged for 8 d and in top 
round steaks aged for 14 d of vitamin D3-treated cattle over those of control cattle (P < 
0.033). Feeding supplemental 25-hydroxyvitamin D3 to cattle produced more proteolysis in 
strip loin steaks aged for 21 d (P < 0.033). 
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Discussion 
Our current study supports previous work that showed feeding supplemental daily doses 
of 5 x 106 ru of vitamin D3 for 9 d to feedlot cattle decreases Warner-Bratzler shear force (P 
< 0.06) of beef strip loin that were postmortem aged for 14 d. Our previous work has shown 
that both strip loin and top round steak from cattle fed 5 x 106 or 7.5 x 106 ru of vitamin D3 
postmortem aged for 14 d have decreased Warner-Bratzler values (P < 0.05) as compared 
with controls (Montgomery et al., 2000). In other studies of vitamin D3 supplementation to 
beef steers, 5 x 106 and 7.5 x 106 ru of vitamin D3 fed to cattle decreased shear force values 
of longissiumus steaks postmortem aged for 7 d, but not steaks postmortem aged for 14 or 21 
d. (Swanek et al., 1999). Because of these results, we can conclude that feeding 
supplemental vitamin D3 is an effective way to increase beef tenderness. 
On the basis of previous studies, postmortem tenderness is highly associated with the 
proteolysis of certain myofibrillar proteins (Montgomery et al., 2000; Huff-Lonergan et al., 
1996a; Olson and Parrish, 1977; and Goll et al., 1983). There is currently much evidence 
indicating that postmortem proteolysis is caused by the calcium-dependent calpains (Huff-
Lonergan et al., 1996a; Koohmaraie, 1996). Huff-Lonergan et al., (1996a) found that steaks 
digested with µ-calpain produced the 30-kDa degradation component of troponin-T similar to 
that found in steaks that have been postmortem-aged. Interestingly, calpastatin binds to 
calpain only in the presence of Ca2+ (Cottin et al., 1981; Shigeta et al., 1984), resulting in the 
fragmentation of calpastatin into several peptides which retain calpastatin inhibitory action 
against calpain (Shigeta et al., 1984). Cottin et al. (1981) found evidence suggesting that the 
binding of Ca2+ to calpain is required to induce a structural modification by calpain to 
promote the formation of the calpain-calpastatin complex. Caspase 3 degrades calpastatin 
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protein in renal tissue (Shi et al., 2000) and in human Jurkat T cells (Kato et al., 2000), and 
decreases calpastatin activity resulting in increased calpain activity in renal tissue during 
ischemia-reperfusion (Shi et al., 2000). Juin et al. (1998) found that Ca2+ in the form of 
CaCh induces caspase-3-like activity in rat liver nuclei. This information indicates a 
possible role of increased calpain activation via increased calpastatin degradation by Ca2+-
induced caspase activity. 
Swanek et al. (1999) found that longissimus from steers fed supplemental vitamin D3 had 
lower µ-calpain and calpastatin activities 24 h postmortem compared with controls, 
indicating that the vitaminD3-induced tenderness was related to calpain/calpastatin activity, 
although Montgomery et al. (2001a) found no difference in longissimus µ- and m-calpain 
and calpastatin activities. Swanek et al. (1999) also found an increase in water-extractable 
calcium of muscles from vitamin D3-supplemented steers compared with controls. Also, our 
previous work has shown that tender steaks from vitamin D3-supplemented cattle also 
showed a greater production of the 30-kDa component (Montgomery et al., 2000). Pleasure 
et al. (1979) found that vitamin D3 supplementation increased the concentration of Ca2+ in 
skeletal muscle mitochondria in chicks, although Selles and Boland (1990) found that 
supplemental 1,25-dihydroxyvitamin D3 decreased the Ca2+ content of muscle mitochondria 
in chicks. Clearly, some vitamin D metabolites have the ability to influence mitochondrial 
Ca2+ content in muscle, although the true mechanism is yet unclear. Vitamin D-repletion of 
rats caused substantial deposits of Ca2+ to form pronounced lines within the myofilament 
within the I-band parallel to the Z-disk (Toury et al., 1990). Toury et al. (1990) found 
support indicating that vitamin D may influence the ratio of bound calcium to available 
calcium in skeletal muscle of rats. More recently, Scanga et al. (2000) have shown that, 
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although supplementing beef steers with various levels of oral vitamin D3 increase Ca2+ 
concentrations in serum, it does not improve cooked longissimus tenderness as measured by 
W arner-Bratzler shear force peak value. 
In the present study, supplemental 25-hydroxyvitamin D3 but not 1,25-dihydroxyvitamin 
D3 decreased Wamer-Bratzler shear force values in strip loin steaks and top round steaks 
posmortem aged 8 and 21 d, respectively (P < 0.06, P < 0.07). The difference in muscle 
response is not understood, but could possible be due to fiber type differences We also 
observed an increase in the appearance of the 30-kDa component in strip loin steaks taken 
from carcasses of animals fed 25-hydroxyvitamin D3 and postmortem aged 21 d (P < 0.03). 
This response, however, does not correspond to the decrease in shear force value of strip loin 
steaks postmortem aged for 8 and 21 d. It is unclear as to why we did not observe a clear 
relationship. Although Swanek et al. (1999) found higher calcium concentrations in steaks 
from vitamin D3-supplemented steers, water-extractable Ca
2
+ was measured rather than total 
Ca2+ as in the current study. The measurement of free Ca2+ rather than total Ca2+ is a better 
indication of the amount of ionic Ca2+ that may be available for the activation of the calpains. 
The fact that we did not see any kind of tenderness effect because of 1,25-
dihydroxyvitamin D3 supplementation raises further questions as to the mechanism of 
vitamin D3-induced tenderness. We may not have seen a response because those animals 
were not hypercalcemic for as long a time as those treated with vitamin D3. Looking at the 
results from Experiment 1, the cattle supplemented with 1,25-dihydroxyvitamin D3 should 
have been hypercalcemic for approximately 2 d at the time of exsanguination, whereas the 
cattle supplemented with vitamin D3 should have been hypercalcemic for approximately 7 d 
(Montgomery et al., 2000). However, the fact that there were no differences in calcium 
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concentration of steaks because of treatment is in disagreement with this idea, but there may 
have been an increase of free cytosolic Ca2+ postmortem in cattle supplemented with vitamin 
D3. In fact, Montgomery et al. (2001b) showed an increase in free cytosolic Ca2+ with 
increased vitamin D3 supplementation (0.5-5.0 x 106 IU vitamin D3) and increased 
postmortem aging time. Another point to ponder is the observation that 25-hydroxyvitamin 
D3 caused hypercalcemia in the preliminary trial but not in the main trial. We, however, still 
saw a tenderness effect in product from animals fed 25-hydroxyvitamin D3. Although direct 
influence of 25-hydroxyvitamin D3 on muscle metabolism has been described (Birge and 
Haddad, 1975), direct influence of 25-hydroxyvitamin D3 on meat tenderness has not. 
Initially, we hypothesized that because 1,25-dihydroxyvitamin D3 acts directly on the brush 
border region of the intestine (Fullmer et al., 1996) to increase calcium absorption from the 
diet (Chandra et al., 1990; Mykkanen and Wasserman, 1982) increasing the concentration of 
Ca2+ in plasma, increasing the concentration of Ca2+ in muscle and thus would activate 
calpain-proteolysis of myofibrils and increase tenderness. Given our results, however, we 
must consider other mechanisms that may require either extended periods of hypercalcemia 
in cattle, or the direct effect of 25-hydroxyvitamin D3 on muscle metabolism and tenderness. 
The daily recommended dietary allowance of adult men and women (11-24 yr of age) 
for vitamin D3 is 10 µg/d (10 µg vitamin D3 = 100 IU of vitamin D) (NRC, 1989). This 
allowance is less in infants (7.5 µg/d) and adults over 25 yr of age (5 µg/d). Montgomery et 
al. (2000) found that feeding 5 x 106 IU of vitamin D3/d for 9 d to steers resulted in a residue 
of approximately 80 ng/g meat of vitamin D3, a 24-fold increase above that of controls. In 
the present study, feeding 5 x 106 IU of vitamin Did for 9 d resulted in residues in steak 
ranging from 28.58 ng/g to 58.86 ng/g, averaging a 43-fold increase above that of controls. 
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In liver of vitamin D3-supplemented steers, Montgomery et al. (2000) also found a much 
larger increase in vitamin D3 (concentrations increased to 610 ng/g and 979 ng/g in cattle 
supplemented with 5 x 106 and 7.5 x 105 IU vitamin D3 respectively) than in the present 
study. Montgomery et al. (2000) calculated that an adult human could meet their daily 
recommended allowance for vitamin D3 by consuming approximately 125 g of steak/d from 
vitamin D3-supplemented cattle, assuming the concentration of vitamin D3 in steak was 80 
ng/g. Our data indicate that an adult could consume 238 g of steak/d from vitamin D3-
supplemented cattle before meeting their daily recommended allowance, assuming an 
average of 42 ng vitamin Dig of steak. However, this recommended amount is decreased 
for infants and older adults. A greater concern may even be the large residue of 25-
hydroxyvitamin D3 in steak, liver, and kidney of vitamin D3-treated cattle. Because there is 
no recommended daily allowance specifically for 25-hydroxyvitamin D3, it is difficult to 
compare the daily intake of 25-hydroxyvitamin D3 consumed from steak of vitamin D3- or 
25-hydroxyvitamin D3-treated cattle to human needs. Cooking can decrease the 
concentration of vitamin D3 in liver from normal cattle up to 28% (Montgomery et al., 
2001a). However, the destruction of vitamin D3 in liver due to cooking decreases to 10% 
from cattle fed 5 x 106 IU or 7.5 x 106 IU vitamin D3; and concentrations of 25-
hydroxyvitamin D3 are increased slightly in cooked liver from cattle supplemented the two 
high doses of vitamin D3• Because hypervitaminosis D is a concern, the fact that feeding 
supplemental 25-hydroxyvitamin D3 to beef steers did not increase concentrations of vitamin 
D3 in steak, liver, and kidney compared with controls, and increased concentrations of 25-
hydroxyvitamin D3 in steak to concentrations that were less than half that of vitamin D3 
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supplementation, makes the commercial adoption of feeding 25-hydroxyvitamin D3 to 
improve beef tenderness more feasible than the adoption of feeding vitamin D3• 
Feeding supplemental 25-hydroxyvitamin D3 shows definite potential for application. 
Oral supplementation of 25-hydroxyvitamin D3 to beef steers increased tenderness without 
leaving vitamin D3 residues higher than controls (P > 0.05), although neither concentrations 
of Ca2+ in plasma or muscle were increased, indicating 25-hydroxyvitamin D3 may have a 
role in beef tenderization excluding the role of the calpains. Although feeding 25-
hydroxyvitamin D3 did increase 25-hydroxyvitamin D3 concentrations in steak (P < 0.04), 
concentrations were increased only half as much as feeding vitamin D3• 
Implications 
Feeding one dosage of 125 mg of 25-hydroxyvitamin D3 4 d before slaughter could be 
implemented in a commercial feedlot system more easily than feeding 5 x 106 IU of vitamin 
Did for 9 d before slaughter. Besides being easier, feeding supplemental 25-hydroxyvitamin 
D3 shows a capability of effectively producing tender strip loin and top round steaks without 
generating a large concentration of vitamin D3 residue in beef. Therefore, antemortem 
feeding of supplemental 25-hydroxyvitamin D3 is an effective and easy way to increase beef 
tenderness before slaughter and may improve overall beef palatability. Thus, this technology 
should improve consumer acceptance of beef. 
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Figure 1. Blood calcium concentration as a function of time. Steers were orally administered 0 
µg (x), 125 µg ( ), 250 µg or 500 µg (.._) of 1,25-dihydroxyvitamin D3 on day 0. 
* Three days after treatment, cattle fed 500 µg of 1,25-dihydroxyvitamin D3 had higher 
concentrations of calcium in blood compared to all other treatments (P < 0.01). 
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Figure 2. Blood calcium concentration as a function of time. Steers were orally 
administered 0 mg (x), 50 mg ( ), 87.5 or 125 mg(.._) of 25-
hydroxyvitamin D3 on day 0. 
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ab Means with different superscripts differ (P < 0.001). 
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Table 1. Effect of supplemental vitamin D3, 25-hydroxyvitamin D3, and 1,25-
dihydroxyvitamin D3 on the concentration of calcium (mg/g dry tissue) in strip 
loin, top round, and top blade steaks. 
Treatments 
Control 
Vitamin D3 
25-Hydroxyvitamin D3 
1,25-Dihydroxyvitamin D2 
Values represent means± SE 
Strip Loin Steak Top Round Steak Top Blade Steak 
------------------ mg/g ------------------
0.107 ± 0.004 0.120 ± 0.003 0.123 ± 0.007 
0.106 ±0.003 
0.099 ± 0.004 
0.107 ±0.003 
0.121 ± 0.003 
0.125 ± 0.003 
0.128 ± 0.003 
0.117 ± 0.006 
0.118 ± 0.006 
0.130 ± 0.006 
P > 0.1 for all comparisons within column 
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Table 2. Concentrations of vitamin D3, 25-hydroxyvitamin D3, and 1,25-dihydroxyvitamin D3, in three 
different cuts of beef and plasma of cattle given supplemental doses of vitamin D3, 25-hydroxyvitamin 
D3, or 1,25-dihydroxyvitamin D3• 
Treatments 
Control 
Vitamin D3 
25-Hydroxyvitamin D3 
1,25-Dihydroxyvitamin D3 
Control 
Vitamin D3 
25-Hydroxyvitamin D3 
1,25-Dihydroxyvitamin D3 
Control 
Vitamin D3 
25-Hydroxyvitamin D3 
1,25-Dihydroxyvitamin D3 
Strip Sirloin 
Steak 
Top Round 
Steak 
Top Blade 
Steak 
Liver Kidney 
Vitamin D3 
----------------------------------- (ng/g) -----------------------------------
1.10 ± 5.07 0.76 ± 3.74 1.08 ± 2.46 1.92 ± 2.44 1.32 ± 1.31 
38.06 ± 4.47a 28.58 ± 3.30a 58.86 ± 2.17a 72.65 ± 2.15a 34.24 ± 1.16a 
0.65 ± 4.74 1.32 ± 3.50 0.49 ± 2.3 1.43 ± 2.28 1.01 ± 1.23 
0.73 ± 4.47 0.68 ± 3.30 1.66 ± 2.17 0.42 ± 2.15 1.14 ± 1.16 
25-Hydroxyvitamin D3 
----------------------------------- (ng/g) -----------------------------------
1.68 ± 0.37 1.39 ± 0.77 0.90 ± 1.57 2.59 ± 0.73 3.02 ± 1.13 
9.58 ± 0.33a 10.62 ± 0.68a 17.04 ± 1.38a 16.81 ± 0.64a 18.35 ± 0.99a 
3.00 ± 0.34b 4.65 ± 0.72b 5.66 ± 1.47b 10.92 ± 0.68b 13.17 ± 1.05b 
1.82 ± 0.33 1.43 ± 0.68 1.20 ± 1.38 2.41 ± 0.64 1.69 ± 0.99 
1,25-Dihydroxyvitamin D3 
----------------------------------- (pg/g) -----------------------------------
54.31 ± 8.40 84.04 ± 16.69 59.13 ± 5.25 108.77 ± 18.64ab 117.22 ± 16.86 
57.94 ± 7.41 94.57 ± 14.72 69.29 ± 4.63 151.83 ± 16.44a 106.00 ± 14.86 
57.51 ± 7.86 71.96 ± 15.61 63.84 ± 4.91 84.94 ± 17.44b 107.83 ± 15.77 
58.07 ± 7.41 96.44 ± 15.61 61.61 ± 4.63 157.82 ± 16.44a 138.81 ± 14.86 
Values represent means± SE. 
ab Means within a column with similar superscripts or no superscript are similar (P > 0.05). 
Plasma 
--- (ng/ml) ---
3.34 ± 14.34 
438.93 ± 12.65a 
3.85 ± 13.42 
4.81 ± 12.65 
--- (ng/ml) ---
62.66 ± 16.74 
412.49 ± 14.78a 
269.24 ± 15.67b 
60.85 ± 14.78 
--- (pg/ml) ---
143.14 ± 20.08 
179 .53 ± 20.08 
164.39 ± 21.17 
320.88 ± 20.08a 
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Table 3. Warner-Bratzler shear force values of strip loin, top round, and top blade steaks at different postmortem 
aging times from cattle fed placebo, vitamin D3, 25-hydroxyvitamin D3, or 1,25-dihydroxyvitamin D3. 
Steak/A~ 
Stri)2 loin steak 
Aging time (days) 
8 
14 
21 
Top round steak 
Aging time (days) 
8 
14 
21 
To12 blade steak 
Aging time (days) 
14 
21 
*Mean± SE. 
Treatments* 
Control Vitamin D3 25-Hydroxyvitamin D3 1,25-Dihydroxyvitamin D3 
----------------------------------------kg-------------------------------
3.24 ± 0.24ab 
3.45 ± 0.24a 
3.03 ± 0.24 
3.23 ± 0.25 
3.71 ± 0.25 
4.44 ± 0.25a 
2.33 ± 0.17ab 
2.64 ± 0.17 
3.15 ± 0.21ab 
2.84 ± 0.21b 
2.82 ± 0.21 
3.02 ± 0.22 
3.33 ± 0.22 
4.43 ± 0.22a 
2.13 ± 0.15a 
2.61 ± 0.15 
3.03 ± 0.22a 
3.14 ± 0.22ab 
2.57 ± 0.22 
2.80 ± 0.24 
3.45 ± 0.24 
3.80 ± 0.24b 
2.27 ± 0.15ab 
2.68 ± 0.15 
3.62 ± 0.21b 
3.17±0.21ab 
2.84 ± 0.21 
3.29 ± 0.22 
3.65 ± 0.22 
4.71 ± 0.22a 
2.51 ± 0.15b 
2.85 ± 0.15 
ab Means within a row with similar superscripts or no superscript are similar (P > 0.07). 
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Table 4. Effect of supplemental vitamin D3, 25-hydroxyvitamin D3, and 1,25-dihydroxyvitamin D3 on amount of the 30-
kDa component in strip loin, top round, and top blade steaks at different postmortem ages. 
Treatments* 
Steak/ Aging Control Vitamin D3 25-Hydroxyvitamin D3 1,25-Dihydroxyvitamin D3 
Stri2 loin steak 
Aging time (days) 
8 1.90 ± 0.68a 3.88 ± 0.60b 2.96 ± 0.67abc 2.17 ± 0.63ac 
14 2.51 ± 0.68a 4.31 ± 0.60b 2.65 ± 0.64ab 2.35 ± 0.60a 
21 3.20 ± 0.68a 5.00 ± 0.60b 5.22 ± 0.64b 3.98 ± 0.60ab 
To2 round steak 
Aging time (days) 
8 7.95 ± 9.54 6.54 ± 7.79 8.61 ± 8.26 8.82 ± 7.79 
14 20.40 ± 8.83b 47.42 ± 7.79a 15.23 ± 8.26b 25.81 ± 7.79ab 
To2 blade steak 
Aging time (days) 
14 1.01 ± 0.43 0.91 ± 0.35 0.59 ± 0.37 0.49 ± 0.35 
* Values represent means of relative values of the increase in the amount of the 30-kDa band in Western blot analysis. 
Values are expressed as ratios of the intensity of the 30-kDa band in the experimental samples to the 30-kDa band of an 
internal standard. 
abc Means within a row with similar superscripts or no superscript are similar (P > 0.05). 
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GENERAL CONCLUSIONS 
Tenderness is a highly valued yet highly variable trait of beef (Morgan et al., 1991; 
Savall et al., 1987). Because consumers are willing to pay a premium for tenderness 
(Boleman et al., 1997), the search for a reliable, economic, and safe means to improve beef 
tenderness has become very important to the beef industry. Recent! y, our present and 
previous work has shown that the feeding of supplemental vitamin D3 can be effective in 
improving meat tenderness (Montgomery et al., 2000; Swanek et al., 1999). This method, 
however, also leaves substantial residues of vitamin D3 in muscle, Ii ver, and plasma. Our 
research has shown that feeding 125 mg of supplemental 25-hydroxyvitamin D3 to beef 
steers four days before slaughter has the capability of producing tender beef without leaving 
potentially toxic residues of vitamin D3 in muscle and liver. Although concentrations of 25-
hydroxyvitamin D3 in muscle do increase with 25-hydroxyvitamin D3 supplementation, they 
increase to concentrations only half as much as concentrations in muscle of vitamin D3-
treated steers. 
Although our results show that feeding beef steers 500 µg of 1,25-dihydroxyvitamin 
D3 three days before slaughter increased plasma calcium concentrations by the time of 
slaughter, there was no improvement in beef tenderness over controls. This result may have 
occurred because these animals were only h ypercalcemic for a very short time before they 
were slaughtered, whereas the vitamin D3-treated steers would have been hypercalcemic for 
days before slaughter, as Montgomery et al. (2000) showed in a preliminary trial. 
At this time, it is not understood how supplemental 25-hydroxyvitamin D3 increased 
beef tenderness without increasing calcium concentration in plasma. Although direct 
60 
influence of 25-hydroxyvitarnin D3 on muscle metabolism has been described (Birge and 
Haddad, 1975), direct influence of 25-hydroxyvitarnin D3 on muscle tenderness has not. 
Further studies need to be done before the mechanism of vitamin D3-induced tenderness is 
understood. These future studies should include a more in-depth look at the role of length of 
time and extent of hypercalcernia in 25-hydroxyvitarnin D3- and 1,25-dihydroxyvitarnin D3-
supplemented beef steers. 
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APPENDIX: SUPPLEMENTAL DATA 
Table 1. Several carcass characteristics from cattle fed placebo, vitamin D3, 25-hydroxyvitamin D3, or 
1,25-dihydroxyvitamin D3• 
Treatments* 
Measurements Control Vitamin D3 25-Hydroxyvitamin D3 1,25-Dihydroxyvitamin D3 
Live Weight, kgs. 567.5 ± 14.5 592.0 ± 14.5 564.2 ± 15.2 584.9 ± 14.5 
Carcass Weight, kgs. 338.6 ± 8.7 349.5 ± 8.7 341.4 ± 9.2 347.4 ± 8.7 
Ribeye Area, cm2 76.8 ± 2.0 76.3 ± 2.0 78.4 ± 2.1 79.0 ± 2.0 
12th Rib Fat, cm 1.15 ± 0.10 1.33 ± 0.10 1.10 ± 0.11 1.17 ± 0.10 
Yield Grade 2.40±0.18a 2.90 ± 0.18b 2.78 ± 0.19ab 2.60 ± 0.18ab 
* Values are means± SE. 
ab Values with similar superscripts or no superscript are similar (P > 0.06). 
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Control Vitamin D3 25-Hydroxyvitamin 
D3 
1,25-
Dihydroxyvitamin 
D3 
Figure 2. Feed waste of cattle fed placebo, vitamin D3, 25-hydroxyvitamin D3, or 1,25-
dihydroxyvitamin D3 on day of exsanguination. Values were collected on a per pen/trt 
basis, not by individual animal. 
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